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Abstract
The growing threat posed by antimicrobial resistance on the healthcare and economic
well-being of mankind is pushing the need to develop novel and improved diagnostic plat-
forms for its rapid detection at point of care, facilitating better patient management
strategies during antibiotic therapy. In this paper, we present the manufacturing and char-
acterisation of a low-cost carbon screen-printed electrochemical sensor on a ceramic sub-
strate. Using label-free electrochemical impedance spectroscopy, the sensor is
demonstrated for the detection of blaNDM, which is one of the main antimicrobial resis-
tance factors in carbapenem-resistant Enterobacteriaceae. The electrochemical perfor-
mance of the newly fabricated sensor was initially investigated in relation to the
function of its underlying composite materials, evaluating the choice of carbon and dielec-
tric pastes by characterising properties like surface roughness, wetting and susceptibility
of unspeciﬁc DNA binding. Subsequently, the sensor was used in an electrochemical imped-
ance spectroscopy assay for the sensitive and speciﬁc detection of synthetic blaNDM targets
achieving a detection limit of 200 nM. The sensor properties and performance demon-
strated in this study proved the suitability of the new electrode materials and manufactur-
ing for further point-of-care test development as an inexpensive and effective alternative
to gold electrodes sensor.
© 2016 The Authors. Journal of Interdisciplinary Nanomedicine published by John Wiley & Sons Ltd and the British Society for Nanomedicine
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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Introduction
Antimicrobial resistance (AMR) is one of the greatest
healthcare challenges that mankind is facing. AMR has
been recognised as a global public health issue, with
substantial societal and economic impacts with around
10 million deaths annually by 2050 and gross domestic
product losses of $100 trillion estimated if AMR is not
tackled. (O’Neill, 2014) Novel diagnostics are expected
to reduce the number of inappropriate prescriptions of
antibiotics for the beneﬁt of patients. In that respect,
molecular diagnostics can give quick results, determine
the AMR mechanism and be performed at point of
care (POC). There is international consensus that
carbapenemase-producing Enterobacteriaceae is a crit-
ical and urgent AMR threat because of their rapidly in-
creasing prevalence, high associated mortality rates,
and severely limited treatment options. (CDC, 2013;
ECDC, 2011) The species among the Enterobacteria-
ceae, where carbapenem resistance is of greatest rele-
vance, are Escherichia coli (E. coli) and Klebsiella (K.)
pneumonia which can obtain their resistance by acquir-
ing genes for carbapenem hydrolysing enzymes, with
KPC (Klebsiella pneumoniae carbapenemase), NDM
(New Delhi metallo-beta-lactamase), IMP, VIM, OXA-48
being considered as the Big 5 of carbapenemases.
(Hawkey, 2015; Temkin et al., 2014) In that regard,
the blaNDM gene encoding for the NDM beta-lactamase
has been identiﬁed with having a critical role because
organisms containing blaNDM tend to be multiresistant
and are only sensitive to the last option treatments like
tigecycline and colistin, which have uncertain efﬁca-
cies. (Kumarasamy et al., 2010) Although blaNDM was
originally identiﬁed in E. coli and K. strains, it has
now been observed in many Enterobacteriaceae, which
are responsible for a range of infections including sepsis
and urinary tract infections. Additionally, the gene is
easily transmitted horizontally between Gram-negative
bacteria. (Fomda et al., 2014; Jean et al., 2015;
Nordmann, 2010) Consequently, rapid identiﬁcation of
NDM strains is of critical importance to prevent the ac-
celerated circulation of resistant strains.
Presently, most of the available diagnostic ap-
proaches for the detection of extended-spectrum
beta-lactamase (ESBL) and carbapenemase producing
bacteria are culture-based, with unacceptable time-
to-results for effective therapeutic management.
(Carrer et al., 2010; Farber et al., 2008; Linscott and
Brown, 2005; Reglier-Poupet et al., 2008) Such diagnos-
tic approaches include ChromID ESBL, Etest ESBL,
and Vitek (bioMerieux). Additionally, there are
commercially available solutions for the molecular de-
tection of beta-lactam resistance in Gram-negative
bacteria, like Check-MDR (Checkpoints), Evigene
(AdvanDx), Hyplex SuperBug ID (Amplex); however,
these are all based on complex optical readout systems
and are not suitable for POC detection as they also re-
quire demanding sample preparation and pre-analytics.
(Fosheim et al., 2007; Kaase et al., 2012; Naas et al.,
2011) Therefore, electrochemical biosensors provide
unique opportunities to develop suitable POC devices
for better clinical diagnostics due to their speciﬁcity
and speed of the detection technique, as well as the
portability and low cost of the sensors. This paper
describes the fabrication, characterisation, and func-
tionalisation of a carbon-based impedimetric electro-
chemical sensor for molecular diagnostics in such POC
application.
Electrochemical Impedance Spectroscopy
and Electrochemical Sensors
Electrochemical impedance spectroscopy (EIS) is a
technique that can be utilised to observe
biorecognition events on functionalised electrode sur-
faces. (Ciani et al., 2012; Corrigan et al., 2012;
Corrigan et al., 2013; Gebala et al., 2009; Huang
et al., 2015; Kafka et al., 2008; Lisdat and Schäfer,
2008; Witte and Lisdat, 2011) The detection of DNA
hybridisation events using EIS is a growing ﬁeld of study
and has been covered extensively in review articles.
(Cederquist and Kelley, 2012; Lindholm-Sethson et al.,
2010; Lisdat and Schäfer, 2008; Park and Park, 2009;
Suginta et al., 2013) In general, nucleic acid probes
are functionalised onto an electrode surface, which
has been so far mainly, if not exclusively, a gold elec-
trode surface, forming a mixed self-assembled mono-
layer (SAM). In the case of Faradaic EIS as illustrated in
Figure 1B, measurements are performed in the pres-
ence of a soluble redox mediator such as potassium fer-
ric ferrocyanide, for example. DNA strand hybridising
to probes result in the accumulation of negative
charges on the electrode surface, and an increase in
the charge transfer resistance (RCT) of the system is
measured. This increase can be explained by the repul-
sion of anionic redox mediators at the electrode surface
combined with the blocking of SAM pinholes by a bound
complementary DNA target, thereby inhibiting the
electron transfer process. (Corrigan et al., 2012) EIS
therefore lends itself well to multiplex detection within
an electrode array, whereby multiple markers of infec-
tion and resistance may be evaluated in parallel.
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Electrochemical sensors can be monolithically
manufactured by depositing onto a substrate of one or
more conductive layers to form the working, counter
and reference electrodes and a dielectric layer to
protect these electrodes from the surrounding environ-
ment. This structure can be easily achieved without
resorting to more traditional and expensive
microfabrication techniques such as photolithography,
sputtering, and etching. One method already widely
used to rapidly produce inexpensive electrochemical
sensors is screen printing. (Grieshaber et al., 2008) A
less common manufacturing method for such sensors
uses Low Temperature Co-ﬁred Ceramics (LTCC) tech-
nology. (Lacrotte et al., 2013) LTCC are glass-ceramic
composite materials which have been used over the last
20 years in the production of electronic packages and
multi-chip modules for harsh environment applications
found in the oil and gas and automotive sectors, for ex-
ample. Recent material advances enabling self-
constrained LTCC layers have enabled the successful
manufacturing of microsystems devices as an alterna-
tive to more traditional materials such as glass, poly-
mers, and silicon as LTCC manufacturing does not
require the use of expensive cleanrooms, photolitho-
graphic patterning, or corrosive chemicals. Further-
more, LTCC has a number of properties such as high
temperature stability, chemical inertness, biocompati-
bility, and mechanical strength that are desirable for
POC diagnostic applications. LTCC usually comes in
the form of a tape made of a ceramic ﬁller (usually alu-
mina, Al2O3), a glass frit enabling lower processing tem-
peratures of the order of 870 °C and organic
components such as solvent, plasticizer, and binder.
The tape is available in various thicknesses ranging
from 100 to 400μm. In their unﬁred state, these tapes
are malleable which permits low cost machining to
feature sizes ranging from 10μm to 10mm. (Gongora-
Rubio et al., 2001; Ibáñez-García et al., 2008; Vasudev
et al., 2013; Wilhelm et al., 2012)
The relatively low ﬁring temperature of LTCC en-
ables working metals such as gold, silver, and copper
to be used. These metals can be easily deposited using
the screen-printing process. (Kay and Desmulliez, 2012)
This property is especially important for the fabrication
of the electrochemical sensor electrodes, where metals
such as gold and silver are widely used. Silver is widely
used to produce an inexpensive and stable Ag/AgCl ref-
erence electrode using various chlorination methods.
Gold is often used as a working or counter electrode
as many surface chemistries required to immobilise var-
ious antibodies, enzymes, or mediator molecules on
this metal are well documented. Although gold is ex-
pensive, it is widely used for its biocompatibility and
lack of oxidation.
In this work, carbon pastes have been used to form
the counter and working electrodes. Carbon pastes
are attractive for most sensing applications because of
their low cost, low background currents, and broad po-
tential windows. (Wang et al., 1996; Wang et al., 1998)
The exact composition of many commercially available
pastes is unknown as it is considered proprietary infor-
mation. Differences in composition, curing, and other
processing conditions can signiﬁcantly affect the per-
formance of the fabricated electrochemical sensors.
The effect of these parameters on the behaviour of
our sensors is investigated in this article along with
other factors such as the wetting and susceptibility of
the dielectric layer to unspeciﬁcally bind target DNA.
Figure 1. (A) Carboxyphenyl modiﬁcation of the carbon electrode surface and the covalent immobilisation of peptide nucleic acid (PNA)
probes. (B) Working principle of the detection assay via electrochemical impedance spectroscopy.
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Additionally as illustrated in Figure 1A, a probe func-
tionalisation protocol for the immobilisation of peptide
nucleic acid (PNA) probes on carbon electrodes has
been developed and characterised in this article by
evaluating its ability to be used in a functional EIS assay
to detect a blaNDM gene constructs in comparison with
the current research on EIS.
Materials and Methods
Reagents
Deoxyribonucleic acid oligonucleotides were purchased
from Metabion (Martinsried, Germany). PNA oligonucle-
otides were ordered via Cambridge Research Biochemi-
cals (Cleveland, UK) from Panagene (Daejeon, South
Korea). Potassium ferricyanide, potassium ferrocya-
nide, phosphate buffered saline buffer (10mM,
pH7.4), monosodium phosphate, disodium phosphate,
potassium chloride, 4-Aminobenzoic acid, sodium chlo-
ride, sodium nitrite (NaNO2), hydrochloric acid, 2-(N-
morpholino) ethanesulfonic acid (MES), ethanolamine,
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC) and N-hydroxysuccinimide (NHS)
were purchased from Sigma-Aldrich (Poole, UK). A MES
buffer solution (100mM, pH5.0) was used in the activa-
tion of the carboxylic groups. All solutions were pre-
pared using deionised water (>18MΩ cm).
Fabrication of screen-printed electrodes
The three-electrode system consists of a reference,
working, and counter electrode. The silver reference
electrode interconnects carbon counter and working
electrodes and dielectric layers are deﬁned using sepa-
rate screen designs (DEK Stencils, ASM Assembly
Systems, Munich, Germany). The structure of the de-
vice is shown in Figure 2. The screens can be used to si-
multaneously produce 12 electrochemical sensors.
The three-electrode system was fabricated on a LTCC
substrate. This can be easily shaped in the green tape
form and is mechanically rigid and chemical inert once
ﬁred. Multiple 72-mm-wide squares of LH2000 LTCC
tape (Heraeus, Hanau, Germany) were cut using an Ep-
ilog Mini 18 40W CO2 laser (Epilog, CO, USA).
Several of these squares were coated with a single
layer of Heraeus TC 7304 silver via paste using a DEK
Horizon 03i screen-printer (ASM Assembly Systems, Mu-
nich, Germany). The deposited paste deﬁned the refer-
ence electrode, and the electrical interconnects
between the external potentiostat and the electro-
chemical sensor. All pastes were printed with the pa-
rameters shown in Table 1.
As the thickness of the LTCC sheets is reduced during
ﬁring, it was necessary to align and stack the printed
LTCC ﬁlms with ﬁve uncoated ﬁlms in order to get the
desired 500μm substrate thickness such that the
resulting electrodes can be connected to potentiostats
via commercially available connectors such as the
Dropsens box connectors (Dropsens, Oviedo, Spain).
These layers were mechanically aligned using a stain-
less steel rig before being hermetically sealed in vac-
uum packed foil bags to withstand immersion in a
Keko ILS-4 isostatic press (Keko Equipment, Žužemberk,
Slovenia). The hydrostatic pressure generated by the
press, and the 70 °C ambient temperature forces the
individual layers to start fusing with one another and
ensure the strength of the ﬁnal structure. After com-
pression, the LTCC stack is removed from the foil bag
and mechanical jig and ﬁred in a furnace. The ﬁring
Figure 2. Exploded view of the screen-printed carbon electrode structure.
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process consists of two stages. First, the temperature in
the furnace is ramped up to 450 °C from room temper-
ature over a period of 7 h. The temperature is main-
tained at 450 °C for 45min to ensure that all the
organic components are burned out. The second part
of the ﬁring process involves increasing the tempera-
ture to 870 °C for 90min. The LTCC stack is held at this
temperature for 30min before being slowly cooled back
down to room temperature. During this second stage,
the glass frit within the LTCC tape melts enabling the
alumina particles to penetrate between adjacent
layers of tape, thereby increasing the mechanical rigid-
ity and strength of the ﬁnal structure.
The working and counter electrodes of the sensor
were printed using BQ242, BQ221, and 7105 carbon
pastes from DuPont (DuPont, Delaware, USA) to deter-
mine which one had the best electrochemical response
and easiest functionalisation property. Each carbon
paste was printed on top of an underlying silver contact
using the same printing process as before. After curing
the carbon, an insulating layer was printed to protect
the silver interconnects from the external environment
while allowing the electrodes to be exposed to
external analytes. The insulating pastes (D2071120D1,
D2070423D5, and D2020823P2) from Gwent (Gwent
Electronic Materials Ltd, Pontypool, UK) were printed
using the DEK Horizon printing equipment and cured
at 130 °C for 15min under ambient atmosphere in a
covered hotplate. The dielectric pastes were assessed
in terms of hydrophobicity and their susceptibility to
unspeciﬁc DNA binding.
The LTCC plates were singulated using a Disco DAD-
640 dicing tool (Disco Corporation, Tokyo, Japan) to
separate the individual electrochemical sensors for
testing. A series of printed carbon electrodes on a
nonsingulated LTCC plate is shown in Figure 3.
Characterisation of low temperature co-ﬁred
ceramic carbon pastes
The different carbon electrodes produced with three
different DuPont carbon pastes (BQ242, BQ221, and
7105) were electrochemically characterised with an
Autolab PGSTAT12 potentiostat (Metrohm Autolab, He-
risau, Switzerland) by recording cyclic voltammograms
(CV) in the presence of the redox pair 10mM
Ferri/Ferrocyanide (Fe[CN]6
3-/4-) in phosphate buffer
(100mM sodium phosphate with 200mM NaCl, pH 7.4)
at 50mV s-1 scan rate. The samples were beforehand
chronoamperometrically cleaned by applying a ﬁxed
potential of 1.5 V for 120 s in the presence saturated
Na2CO3 solution. (Pesquero et al., 2013) Oxidation and
reduction peak potentials during the scans were exam-
ined to determine the peak separation (ΔEp) of the
Table 1. Screen-printing parameters.
Parameter Value
Front and rear squeegee pressure 4 kg
Front and rear speed 5 mms1
Separation speed 17 mms1
Separation distance 1mm
Print gap 1.5mm
Figure 3. Electrochemical screen-printed carbon electrode sensors on non-singulated Low Temperature Co-ﬁred Ceramics plate. Screen-
printed carbon electrode sensors are shown to have two working (WE), and a counter electrode (CE) made out of carbon with a silver ref-
erence electrode (RE).
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redox couple and used as a measure of the quality of
electrodes surface. These LTCC carbon pastes were
compared with commercially available Dropsens DRP-
C1110 screen-printed carbon electrodes (Dropsens,
Oviedo, Spain). The structure of the screen-printed
ﬁlms generated by the chosen carbon paste were also
investigated by scanning electron microscopy and sur-
face proﬁlometry using a FEI Quanta 3D FEG system
(FEI, OR, USA) and Dektak 3 (Bruker, MA, USA),
respectively.
Characterisation of the dielectric materials
Three different Gwent dielectric insulation materials
(D5, D1, and P2) were tested in terms of unspeciﬁc
DNA binding and hydrophobicity of the dielectric sur-
face. Both factors are important when immobilising
and attaching analytical probes such as PNA to the elec-
trode surface.
For contact angle measurements, samples were ini-
tially wiped with IsoPropyl Alcohol, and measurements
were taken at different spots on the samples using
droplets of deionised water. Droplet images were taken
using the FTA32 software (First Ten Angstroms, VA, USA)
with a custom made goniometer at the Scottish Micro-
electronics Centre, Edinburgh, UK. Contact angle was
measured using the Dropsnake ImageJ plugin
developed by the Biomedical Imaging Group at
Ecole Polytechnique Federal de Lausanne (EPFL),
Switzerland.
Additionally, evaluation of unspeciﬁc binding of Cy3-
labelled DNA oligonucleotides to different dielectric
materials was undertaken. Cy3-labelled DNA oligonu-
cleotides used at varying concentrations and lengths
were dissolved in 2x saline sodium citrate buffer (SSC;
300mM sodium chloride + 30mM sodium citrate) and in-
cubated on the different dielectric surfaces for 30min
using 25μL Gene Frames (Thermo Fisher Scientiﬁc),
followed by rinsing with 2x SSC and deionised water.
After drying the dielectric samples with Argon, ﬂuores-
cence images were generated with a Tecan LS Reloaded
ﬂuorescence scanner (Tecan, Maennedorf, Switzerland)
with excitation at 532 nm and emission at 575 nm at
PMT 70 chosen to maximise signal without pixel
saturation.
Functionalisation of the LTCC carbon electrodes
with blaNDM speciﬁc PNA probes
Screen-printed carbon electrode sensors (SPCEs) were
functionalised with amino-modiﬁed PNA probes (blaNDM
variant) by electrografting via in situ generated
diazonium cations from an in-house modiﬁed protocol.
(Eissa and Zourob, 2012) Initially, diazonium cations
were generated in situ by mixing 2mM NaNO2 solution
with 2mM 4-aminobenzioc acid in 0.5M HCl. The elec-
trochemical modiﬁcation of SPCE was then performed
by the reduction of the in situ generated 4-
carboxyphenyl diazonium salt (4-CPDS) using four cyclic
voltammetry scans from +0.4 to 0.6 V at a scan rate of
100mV s1 creating a 4-carboxyphenyl (AP) ﬁlm on the
electrode surface. The electrode was then washed
thoroughly with water. The AP ﬁlm on the electrode
surface was activated by incubation with 250mM EDC
and 50mM NHS (unless speciﬁed otherwise) in 100mM
MES buffer (pH 5.0) for about 60min. Following this,
the modiﬁed electrode surface was rinsed in MES buffer
and then covered with a 50μL droplet of 20μM amino-
modiﬁed PNA probe in PBS buffer, (10mM phosphate,
150mM sodium chloride pH7.4) and incubated for
60min at room temperature in a water-saturated atmo-
sphere. Optimal probe concentrations for the assay
sensitivity were also evaluated. The electrode surface
was then washed with PBS (pH7.4), blocked by adding
50μL blocking buffer (1% v/v) ethanolamine in PBS
buffer (pH 7.4), and incubated for 30min in water-
saturated atmosphere to deactivate the remaining ac-
tive groups and to block the free surface. The modiﬁed
electrode was then rinsed with PBS and dried under ar-
gon prior to use in the EIS assay.
Electrochemical impedance spectroscopy
measurements
Following functionalization of the surface, EIS mea-
surements were performed on SPCEs connected to an
Autolab PGSTAT12 potentiostat controlled by Nova soft-
ware (www.metrohm-autolab.com) at open circuit po-
tential at an amplitude of 10mV rms at 20 frequencies
in the range between 100,000 and 0.3Hz. Hybridisation
and measurements were performed in 1mM KCl with
2mM Fe[CN]6
3-/4- unless stated otherwise. EIS response
was also compared with a functionalised Dropsens SPCE
DRP-C1110, and EIS measurements were also used to
characterise each functionalisation step.
For the EIS assay characterisation, a previously de-
signed blaNDM speciﬁc, amino-modiﬁed PNA probe (20
mer) was used to target a complementary synthetic 20
nucleotide long DNA oligonucleotide (Huang et al.,
2015), and the assay response was compared between
fabricated LTCC SPCE and the commercially available
Dropsens SPCE. Additionally, the speciﬁcity of the assay
was measured against a noncomplementary synthetic
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DNA sequence (27mer). Table 2 in the following discus-
sions shows the sequences used in the EIS assay. Fur-
thermore, the overall assay sensitivity of the
functionalised LTCC SPCE was also evaluated against a
recently published paper that used EIS to target the
same blaNDM gene constructs (i.e., with the same PNA
probes and synthetic DNA targets) but were
functionalised on Dropsens gold electrodes. (Huang
et al., 2015)
Results and Discussion
Effect of the carbon paste
In developing a novel SPCEs, the various carbon pastes
and dielectric materials were evaluated to characterise
the functions of its underlying components. SPCEs pro-
duced with each of the different DuPont carbon pastes
(BQ242, BQ221, and 7105) were cured at 130 °C for
15min under ambient atmosphere and electrochemi-
cally characterised by recording CVs in Fe[CN]6
3-/4- (scan
rate 50mV s1), after chronoamperometric cleaning in
saturated Na2CO3 solution. The ΔEp values were evalu-
ated and compared with that of a commercially avail-
able Dropsens DRP-C1110 SPCE. Figure 4 shows a
graphical representation of the recorded ΔEp values,
which are a measure for the quality of the electrodes
surface. Carbon paste BQ242 was observed to perform
best with a ΔEp of 119 ± 10.5mV, followed by BQ221
with a ΔEp of 130 ± 10.2mV and then by the commer-
cially available Dropsens SPCE with a ΔEp of 167
± 30.5mV. Carbon paste 7105 performed the worst with
a ΔEp of 203 ± 13.3mV. Subsequently, it was decided
that carbon paste BQ242 would be utilised for further
experiments in the assay development.
Electrochemical sensor performance is affected by
the surface area of the electrode. Increased surface
roughness can lead to an increase in the effective sur-
face area of the device and hence improved perfor-
mance. The surface roughness of the manufactured
carbon electrodes and a commercially available
Dropsens DRP-C1110 sensor was measured using a
Dektak 3 proﬁlometer. These measurements were
taken at the four locations across the surface of the
carbon layers of ﬁve different manufactured and com-
mercial devices as numbered in Figure 5. Both elec-
trodes were treated prior to measurement using
chronoamperometric cleaning as detailed previously.
There was little variation in median surface rough-
ness between the measurement locations for the
Dropsens electrodes compared with that of the carbon
electrodes as shown in Figure 6. However, overall the
measured surface roughness of the carbon electrodes
was higher, which may be a contributing factor in the
improved electrochemical performance shown in
Figure 4. Scanning electron microscopy observation
was also carried out to further investigate the cause
of surface roughness variation exhibited by the carbon
electrodes. As can be seen in Figure 7, the carbon par-
ticles of the electrodes are larger in size and packed to-
gether in such a way to form holes into the layer at the
surface. The carbon particles that constitute the equiv-
alent layer in the Dropsens electrodes DRP-C1110 are
Table 2. Showing oligonucleotide sequences used in the study.
Item ID Sequence (5’-3’)
blaNDM speciﬁc probe P7 GTGCTGCCAGACATTCGGTG-Lys(AEEEA)-C12A
Synthetic oligonucleotide blaNDM
complement
P7C CACCGAATGTCTGGCAGCAC
Synthetic oligonucleotide
Negative Control
N TGGTATGTGGAAGTTAGATTGGGATCA
Figure 4. Graphical representation of the electrochemical charac-
terisation via cyclic voltammetry of different DuPont carbon
pastes and Dropsens SPCE. Cyclic voltammetry’s were recorded
at a scan rate of 50mV s-1 in the presence of the redox pair Fe
(CN)6
3-/4- (10mM in phosphate buffer), and the average peak sepa-
ration between the observed oxidation and reduction potentials
(ΔEp) were recorded as a function of the electrode surface. Error
bars represent standard deviation (n = 10).
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ﬁner and more densely packed with no signs of holes at
the surface layer. The morphology of the carbon ﬁlm on
the LTCC-based screen-printed electrodes leads to a
larger effective surface area that contributes to im-
proved electrochemical performance.
Effect of the dielectric paste
Three different Gwent dielectric insulation materials
(D5, D1, and P2) were tested in terms of unspeciﬁc
DNA binding and hydrophobicity of the dielectric sur-
face. Both factors are important when immobilising
and attaching analytical probes such as PNA or antibod-
ies to the electrode surface. During the probe immobi-
lisation process, individual working electrodes are
covered with droplets of various probe solutions. If
the dielectric is too hydrophilic, there is a risk that
the droplet of solution containing the functionalising
elements would not remain on the working electrode
surface for required incubation time to properly afﬁx
the probes on to the electrode surface. Accordingly in
Table 3, the contact angle measurements of the three
Gwent dielectrics showed that material D1 was
Figure 5. Surface roughness measurement locations for carbon electrode (left) and DropSens electrodes (right).
Figure 6. Comparison of average surface roughness measurements of DropSens and carbon electrodes.
Carbon Sensors for Antibiotic Resistance Detection E. A. Obaje et al.
2016 | Volume 1 | Issue 3 |
Page 100
signiﬁcantly more hydrophilic than D5, P2, and the di-
electric used in the Dropsens DRP-C1110 electrodes.
Additionally, to better qualify the dielectric mate-
rials, unspeciﬁc binding of ﬂuorescence (Cy3)-labelled
DNA oligonucleotides on three different Gwent dielec-
tric materials was tested with a Tecan LS Reloaded ﬂuo-
rescence scanner. As shown in Figure 8, there was a high
degree of unspeciﬁc DNA binding on P2, no detectable
binding on D1, and only a small degree of DNA binding
on D5. Also, to verify the ﬁndings, control experiments
were run with different lengths of Cy3-labelled oligonu-
cleotides (1 mer, 20 mer, and 40 mer) to conﬁrm that
the unspeciﬁc binding on the dielectric materials was
unique to the oligonucleotide chains adsorbing on to
the dielectric material and not the ﬂuorescence dye,
as shown in Figure 9. Based on the DNA binding study
and contact angle measurements, Gwent paste D5 was
selected to produce the insulation layer.
Functionalisation of screen-printed carbon
electrode with peptide nucleic acid probes
Screen-printed carbon electrode sensors were
functionalised with amino-modiﬁed PNA probes (blaNDM
variant) by electrografting via in situ generated diazo-
nium cations from an in-house modiﬁed protocol. (Eissa
and Zourob, 2012) The individual surface modiﬁcation
steps were conﬁrmed by EIS measurements in 2mM Fe
[CN]6
3-/4-solution in 1mM KCl solution. As shown in
Figure 10A, the black curve shows the signal obtained
from bare fabricated LTCC-based SPCEs. Binding of 4-
carboxyphenyl to the electrode surface caused a large
signal (impedance) increase shown by the red curve
resulting from the addition of negative charges on the
surfaces from the carboxyl groups which interact with
the negatively charged Fe[CN]6
3-/4- redox active species
in solution. Activation of the 4-carboxyphenyl groups
(AP ﬁlm) by binding EDC in a solution with NHS in MES
buffer at pH5.0 resulted in a signiﬁcant depreciation
of the impedance signal shown by the blue curve, with
a small electron charge transfer resistance value These
values were obtained by ﬁtting the EIS spectra curves to
a Randles equivalent circuit, which was automatically
generated by the Autolab NOVA analysis software. The
depreciation of the impedance signal (blue curve) was
caused by the EDC and NHS induced nulliﬁcation of
the carboxyl groups and its negative charges on the
electrode surface. (Conde et al., 2014; Sam et al.,
2010) After covalent attachment of the amino-modiﬁed
PNA probes to the NHS activated ester group the RCT
value showed a slight impedance increase as shown by
the bright green curve. An initial evaluation of the LTCC
SPCE functionalisation process was undertaken. As
demonstrated in Figure 10B, the blaNDM-speciﬁc PNA
probe P7, at a concentration of 10μM, was initially ex-
amined with a short synthetic DNA target (20μM) di-
rectly complementary to the probe sequence. The
applied EIS setup enabled the direct, label-free detec-
tion of target hybridisation to the immobilised probe.
EIS measurements obtained before (red curves) and af-
ter target addition (blue curves) allowed the
hybridisation (signiﬁcant change in spectra) to be mon-
itored for a duration of 50min over the course of subse-
quent EIS spectra measurements, with each spectrum
plotted as a Nyquist plot to capture charge transfer
Figure 7. Scanning electron microscope images of carbon layer electrodes: (left) Low Temperature Co-ﬁred Ceramics-based electrodes
and (right) DropSens electrodes.
Table 3. Contact angle measurements of the three Gwent dielec-
tric pastes (n = 6).
Dielectric material Contact angle (°)
D2020823P2 90.9 (±2.2)
D2070423D5 89.1 (±2.3)
D2071120D1 63.9 (±5.1)
Dropsens DRP-C1110 95.4 (±3.5)
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resistance values RCT. However, as shown in Figure 10C,
functionalised LTCC SPCEs without PNA probes, that is,
negative control, showed no changes in the EIS spectra
before (red curves) and after target addition (blue
curves).
For subsequent EIS experiments a signal increase
ratio, dRCT, was deﬁned as the RCT value obtained
post-hybridisation (52min after target addition, re-
spectively, the 10th consecutive EIS measurement after
target addition) divided by the RCT, the pre-
hybridisation value for a particular concentration of
DNA target. Similar approaches representing
hybridisation induced impedimetric increases have
been employed in other publications. (Huang et al.,
2015; Kafka et al., 2008; Peng et al., 2007)
In developing a sensitive and speciﬁc blaNDM EIS as-
say, parameters pertaining to the functionalisation of
SPCEs were considered. Finding the optimal
immobilised probe concentrations that facilitated
enhanced EIS signal detection was of primary concern.
To evaluate this, various concentrations of amino-
modiﬁed PNA probes, that is, 2, 5, and 10μM were
immobilised on the both LTCC-based and Dropsens
SPCEs, and the EIS response after incubation with
20μM complimentary DNA targets for 52min were re-
corded. For these set of experiments 50mM NHS with
Figure 8. Fluorescent evaluation of unspeciﬁc Cy3-labelled DNA oligonucleotides binding on three different dielectric materials (from left
to right: D5, D1, and P2). As observed, there was a high degree of unspeciﬁc DNA binding on material P2, with no detectable DNA binding
on material D1 and a small degree of binding on material D5. Cy3-labelled DNA oligonucleotides were used at varying concentrations (A) 2x
saline sodium citrate buffer (SSC), (B) 100 nM DNA oligonucleotides in SSC, and (C) 2 μM DNA oligonucleotides in SSC.
Figure 9. Fluorescent control evaluations of unspeciﬁc Cy3-labelled DNA oligonucleotides binding on three different 3 replicate samples
of P2 dielectric material. Panels A, B, and C were each incubated with solutions containing 2 μM of 1, 20, and 40mer Cy3-labelled DNA
oligonucleotides, respectively. After which, the surfaces were rinsed, dried, and measurements taken
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200mM EDC, in 100mM MES buffer (pH5.0) was used to
activate the terminal carboxyl groups (AP ﬁlm) on the
electrode surface. As seen in Figure 11A, while there
were no discernible patterns of the EIS assay response
to the concentration of immobilised probes, LTCC-
based SPCEs with 10μM amino-modiﬁed probes were
observed to be more sensitive than other SPCEs with
an average dRCT = 2.78. Interestingly, under the current
functionalisation conditions, Dropsens SPCEs were the
least sensitive to the functionalisation conditions.
Figure 10. Electrochemical impedance spectroscopy spectra of screen-printed carbon electrode (SPCE) functionalization and character-
isation in EIS buffer containing 1mM KCl with 2mM Fe[CN]6
3-/4-, unless stated otherwise. (A) EIS spectra following the SPCE
functionalization process, starting with a blank SPCE (black), in situ generated 4-carboxyphenyl diazonium salts were generated and
electrografted on to the SPCE surface (red), then see inset; 4-carboxyphenyl/AP ﬁlm was activated by incubating the SPCE in EDC and
NHS (blue), and subsequently 20 μM of amino-modiﬁed peptide nucleic acid (PNA) probes (purple) were functionalised on to the SPCE sur-
face, and the electrodes were ready for running. (B) EIS spectra of functionalised SPCE response with 10 μM PNA probes after incubation in
solution containing 20 μM complementary target DNA for 50min. (C) EIS spectra of PNA-free SPCE (negative control) after incubation in
solution containing 20 μM complementary target DNA for 50min. NB: all the other functionalisation steps were undertaken except incu-
bating the SPCE in amino-modiﬁed PNA probes.
Figure 11. Images characterising the effects of key functionalisation steps on electrochemical impedance spectroscopy assay sensitivity.
(A) Comparison of the response of functionalised fabricated LTCC SPCEs against Dropsens SPCEs in the presence of varying concentrations
of amino-modiﬁed peptide nucleic acid (PNA) probes at 2, 5, and 10 μM after incubation with 20 μM complimentary DNA targets for 52min.
(B) LTCC SPCEs functionalised with 10 μM PNA probes were incubated in 20 μM complimentary target DNA for 52min, while the optimal
concentration of EDC/NHS used to activate the AP ﬁlm during the functionalisation process was evaluated. A constant concentration of
50mM NHS was used while EDC was varied at three concentrations (i.e., 150, 200 and 250mM), and using EDC at 250mM was shown to
be the optimal concentration for the best assay sensitivity. All concentrations of EDC/NHS were mixed in 100mM MES buffer (pH 5.0).
NB: Error bars indicate standard deviation (n = 4).
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Another critical parameter for the functionalisation
process is the effect of the cross-linking agents used
in anchoring the probes onto the SPCE surface particu-
larly EDC and NHS. EDC is a well known zero-length
cross-linking agent utilised in coupling carboxyl or phos-
phate groups to primary amines and has been used ex-
tensively in diverse applications. (Mol et al., 2010;
Sam et al., 2010) One of the main advantages of EDC
coupling is its water solubility, which allows direct
bioconjugation without prior organic solvent dissolu-
tion. However, the coupling reaction has to be carried
out fast, as the reactive ester that is formed can be rap-
idly hydrolysed in aqueous solutions. To increase the
stability of this active ester, NHS can also be introduced
into the mixture. The addition of NHS stabilises the
amine-reactive intermediate by converting it to an
amine-reactive NHS ester, thus increasing the efﬁciency
of EDC-mediated coupling reactions. Subsequently,
critical parameters that should be controlled when
using EDC are threefold: the pH as the hydrolysis is
largely dependent on it; the amount of EDC so that
nucleic acids do not aggregate because of loss of elec-
trostatic repulsive forces among them and the
EDC/NHS ratio. (Liu et al., 2013; Sam et al., 2010;
Sehgal and Vijay, 1994) In this study, the efﬁciency of
the surface carbodiimide coupling reaction was moni-
tored by observing the changes in EIS assay sensitivity
in response to various EDC/NHS concentrations.
An extensive literature review showed a lack of con-
sensus on the concentrations of EDC/NHS for optimal
activation of surface carboxylic acids with reports rang-
ing from a few micromolar to 0.4M. (Booth et al., 2011;
Liu et al., 2013; Mol et al., 2010; Sam et al., 2010) How-
ever, in keeping with unpublished data from our labora-
tory and literature under similar conditions, the
efﬁciency of the AP ﬁlm activation was evaluated using
NHS at a constant concentration of 50mM, while EDC
was used at three concentrations, that is, 150, 200,
and 250mM, all in 100mM MES buffer at pH= 5.0. The
EIS response of LTCC SPCEs functionalised with 10μM
PNA probes and incubated with 20μM complimentary
target DNA for 52min were recorded. As shown in
Figure 11B, there is a positive correlation between in-
creasing EDC concentration and EIS assay sensitivity,
with electrodes functionalised using EDC at 250mM
showing the best sensitivities with an average
dRCT = 3.27.
Consequently, after establishing the standard func-
tionalisation conditions of LTCC SPCEs as immobilising
10μM PNA probes and activating the AP ﬁlm using
250mM EDC with 50mM NHS in 100mM MES buffer
(pH 5.0). Figure 12 shows the standard curve, which
was established based on the dRCT after 60 and 52min
after target addition. The limit of detection of
hybridisation of a synthetic oligonucleotide to
immobilised PNA probes, deﬁned as the buffer negative
control signal plus three times the standard deviation,
was determined to be 200 nM. The error bars in
Figure 12 represent the standard deviation of the signal
increase ratios obtained from four individual biosensors
tested with each target concentration. The mean rela-
tive standard deviation (RSD) obtained over a concen-
tration range from 100 nM to 20μM was 10%. This
level of reproducibility of technical replicates obtained
with different functionalised biosensors, which were
tested with the same target solutions, are in good
agreement with previously published EIS biosensors on
gold electrodes (Corrigan et al., 2012; Henihan et al.,
2016) and even higher compared with RSD values of
functionalised gold electrodes tested with the same
probe/target couple. We previously obtained a mean
RSD of 14% with the same NDM-speciﬁc PNA probe se-
quence immobilised on gold screen-printed electrodes
through a self-assembled monolayer which were tested
with the same target oligonucleotide as used herein.
(Huang et al., 2015)
Additionally, as shown in Figure 13, the speciﬁcity of
the functionalised LTCC SPCEs (dark grey) was evalu-
ated. Only around 41% cross-reactivity was demon-
strated against PNA probe-free electrodes (light grey)
and 25% cross-reactivity against noncomplementary
oligo targets (white). For this experiment, 20μM target
concentrations were used for each analysis, after incu-
bation with electrodes for 52min. These data conﬁrm
good speciﬁcity of the functionalised carbon EIS biosen-
sors with hybridisation reactions performed at room
temperature and without an additional washing step
after hybridisation, thus under non-stringent
hybridisation conditions. Hybridisation with a high tar-
get concentration of 20μM caused only a signal increase
ratio of 1.6, which was only marginally higher than the
buffer control baseline value of 1.2. If there is a re-
quirement to further enhance the speciﬁcity of the as-
say, for example, if single nucleotide polymorphism
(SNP) speciﬁcity would be required for a speciﬁc appli-
cation, the hybridisation conditions of the EIS test can
be adopted by enhancing the stringency of the
hybridisation conditions. We have shown previously
that the speciﬁcity of EIS-based assays can be enhanced
by applying a more stringent hybridisation buffer. This
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was achieved by adding 50% formamide to EIS buffer.
(Huang et al., 2015) Furthermore, the use of PNA
probes instead of DNA probes have been shown to be
beneﬁcial for SNP discrimination through preferential
binding of fully complementary target sequences over
those with a SNP. (Lao et al., 2009; Ratilainen et al.,
2000) Moreover, the speciﬁcity of the EIS assay could
further be enhanced by applying an elevated tempera-
ture close to the melting temperature of the
probe/target complex during the hybridisation as usu-
ally applied, for example, in DNA microarray experi-
ments. (Leinberger et al., 2010)
As observed in the results previously, the efﬁciency
of the EIS assay using LTCC SPCEs was somewhat lacking
in comparison with EIS tests performed previously with
Dropsens screen-printed gold electrodes functionalised
with 1.5μM thiol modiﬁed blaNDM PNA probes for the
detection of the same synthetic targets but with a
slightly lower limit of detection of 10 nM (10 × 109M)
and subsequently direct, ampliﬁcation-free detection
from a blaNDM -harbouring plasmid. (Huang et al., 2015)
However, several advantages of carbon pastes over
gold for sensing applications have been documented ex-
tensively in the literature. Carbon pastes are relatively
Figure 12. Dose-response curve of functionalised LTCC SPCE after 52min of incubation with target DNA. Functionalised LTCC SPCEs with
10 μM peptide nucleic acid probes were evaluated against a range of complimentary target DNA concentrations (0–20 μM). See inset at
lower target concentration, 3-σ analysis (red line indicates cut-off point) conﬁrmed the limit of detection of the LTCC SPCE at 200 nM
of target DNA. During the functionalisation process, AP ﬁlm was activated using 250mM of EDC with 50mM of NHS in 100mM MES buffer
at pH = 5.0. Error bars indicate standard deviation (n = 4).
Figure 13. Graphs evaluating the speciﬁcity of LTCC SPCEs after incubation with target DNA for 52min. Using an LTCC SPCE with 10 μM
NDM (p7) probe and 20 μM NDM7 DNA target concentration as the benchmark (dark grey), PNA-Free SPCEs with 20 μM NDM7 DNA target
showed across 41% cross-reactivity (light grey), additionally in keeping the benchmark probe but replacing the target with 20 μM non-com-
plementary DNA target showed ~25% cross reactivity (white).
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inexpensive, lead to low background currents and pos-
sess a wide potential range, thereby making them ideal
for the manufacturing of sensing platforms. (Wang
et al., 1996; Wang et al., 1998) Our study highlights also
another signiﬁcant beneﬁt of using carbon inks over
gold, with respect to the probe functionalisation pro-
cess for the EIS-based molecular diagnostics of nucleic
acid targets. As shown in Table 4, which compares the
process steps involved in the functionalisation of car-
bon electrodes with a common gold electrode function-
alisation protocol (Corrigan et al., 2012; Corrigan
et al., 2013), gold electrode functionalisation is based
on SAM formation of gold-thiol bonds. This process re-
quires an extremely clean gold surface in order to gen-
erate well-structured, homogenous SAMs and is very
time consuming, requiring 16 h for the formation of
well-structured SAMs. In comparison, the newly devel-
oped functionalisation protocol for PNA probes on car-
bon electrodes does not require the carbon surface to
be cleaned extensively before functionalisation. In con-
trast to the covalent attachment of the amino-modiﬁed
PNA probes, thiol-modiﬁed PNA probes are bound to
gold in SAMs via chemisorption creating only a less sta-
ble semi-covalent linkage. And ﬁnally, the overall pro-
cess for producing PNA functionalised carbon
electrodes takes 2 h 40min compared with 17 h 30min
on gold electrodes. The development of reliable carbon
electrodes for EIS-based sensors can therefore be an in-
expensive and effective alternative to gold electrodes.
The higher stability of the covalent attachment of the
PNA probes on carbon electrodes is also anticipated to
have a positive impact on the storage stability of the
functionalised carbon electrodes. Long-term storage
of functionalised gold screen-printed electrodes for
EIS-based molecular diagnostics applications is a difﬁ-
cult task as EIS measurements employing probe layers
of self-assembled monolayers of a mixture of thiolated
probes and mercaptohexanol require well-structured,
homogenous monolayers. (Ricci et al., 2009) Dry stor-
age of such electrodes followed by rehydration before
the EIS measurement comprises the risk of the intro-
duction of disturbances into these well-structured
self-assembled monolayers and thus may have a nega-
tive impact on the EIS response of such biosensors.
The use of ternary SAMs of a mixture of thiolated
probes, mercaptohexanol, and 1,6-hexanedithiol has
been described with enhanced long term dry storage
stability. (Kuralay et al., 2012; Miodek et al., 2015)
Electrochemical biosensors applying DNA probes cova-
lently attached to carbon electrodes have been de-
scribed with prolonged storage stability. (Mazloum-
Ardakani et al., 2016; Rufﬁen et al., 2003) A differen-
tial pulse voltammetry biosensor with DNA probes cova-
lently bound to glassy carbon electrodes, for example,
showed no loss of sensitivity after 10 days storage in
buffer at 4 °C. (Amouzadeh Tabrizi and Shamsipur,
2015) Ulianas et al. reported a storage stability of
45 days for an electrochemical biosensor with amino-
modiﬁed DNA probes covalently attached to
succinimide groups of acrylic microspheres when stored
in phosphate buffer at 4 °C. (Ulianas et al., 2014) For a
successful real world application of electrochemical
nucleic acid biosensors batch production of
functionalised biosensors followed by long-term dry
Table 4. Process steps involved in functionalisation of gold and carbon electrodes and time requirements.
Gold electrodes Carbon electrodes
Method Time Method Time
Cleaning CV cycling in 0.1M H2SO4 30min - -
Surface
modiﬁcation
- - Electrochemical reduction of in situ
generated 4-carboxyphenyl diazonium salt
10min
Surface
activation
- - Carbodiimide chemistry (EDC/NHS) 60min
Probe
immobilisation
Incubation with thiol-modiﬁed
PNA probes in 50% DMSO
Gold-thiol bond formation
(SAM)
16 h Incubation with amino-modiﬁed PNA probes
in PBS (pH 7.4)
Covalent probe attachment
60min
Blocking 1mM mercaptohexanol 60min 1% (v/v) ethanolamine 30min
Total time
for electrode
functionalisation
17 h 30min 2 h 40min
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storage ideally at room temperature is desirable if not
essential for a successful market entry. To fully achieve
this goal, further dedicated studies are required. The
higher stability of PNA probes which we use in our assay
instead of commonly used DNA probes exhibits a signif-
icant advantage regarding the development of a stable
EIS biosensor with long-term storage capability. PNA is
chemically stable and is resistant to hydrolytic cleavage
by nucleases or proteases. (Siddiquee et al., 2015)
Conclusions
We successfully produced low-cost carbon LTCC elec-
trochemical sensors for use in molecular detection of
nucleic acids. Improved sensor sensitivity was achieved
by selection of the dielectric material based on low un-
speciﬁc DNA binding and low wettability. The best and
ﬁnally used sensors were produced using BQ242 carbon
paste from DuPont in conjunction with dielectric paste
D5 from Gwent. Under the conditions of our study,
these sensors demonstrated superior performance to
commercially available carbon electrodes. The carbon
electrodes were functionalised with PNA probes using
a new protocol for covalent probe attachment, which
was over six times faster than previous protocols used
for gold electrodes. These functionalised sensors
showed dose-dependent signals in kinetic EIS measure-
ments of synthetic blaNDM targets as a proof of concept
study for rapid antimicrobial resistance detection. This
work represents to the best of our knowledge the ﬁrst
example of an EIS-based label-free molecular detection
for nucleic acid targets using carbon screen-printed
electrodes with immobilised PNA probes. The excellent
molecular detection performance combined with a low
cost and accelerated sensor manufacturing and func-
tionalisation process make our system a very attractive
platform for further molecular targets serving the un-
met need for rapid detection of antimicrobial resis-
tance at POC at competitive costs.
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